Partial submergence induces rapid internodal elongation in deepwater rice (Oryza sativa L., cv Habiganj Aman II). We measured in vivo extensibility, tissue tension, hydraulic conductance and osmotic potential in the region of cell elongation in the uppermost internode. The in vivo extensibility of the internode, measured by stretching of living tissue with a custom-made constant stress extensiometer, rose rapidly following submergence of the plant. Both the elastic (Eel) and plastic (Ep,) extensibility increased when growth of the internode was induced. The submerged internode displayed tissue tension (elastic outward bending of longitudinally split internode sections); in air-grown control internodes, no such bending occurred. The hydraulic conductance, estimated from the kinetics of tissue shrinkage in 0.5 molar mannitol and subsequent swelling in distilled water, was not changed by submergence. The osmotic potential, measured with a dew-point hygrometer using frozen-thawed tissue, was only 18% less negative in the submerged internode than in the air-grown control. This indicates that osmoregulation takes place in rapidly elongating rice internodes. We suggest that the rapid expansion of the newly formed internodal cells of submerged plants is controlled by the yielding properties (Ep,) of the cell walls. Experiments with excised stem sections indicate that gibberellin is involved in increasing the Ep, of the elongating cell walls.
Deepwater rice belongs to a taxonomically diverse group of semiaquatic plants which are known to respond to partial submergence with a rapid increase in growth (8) . This growth response, which occurs in the internodes, enables the rice plants to keep part of their foliage above the rising water level during the flooding season (26) . Recent results indicate that the following sequence of events leads to the rapid growth response of the plant: The 02 concentration within the internode declines; the low 02 level stimulates the synthesis of ethylene; the concentration of ethylene within the internode rises; ethylene increases the responsiveness of the cells to endogenous GA3 (11) . The GAmediated growth response is based on enhanced cell division activity in the intercalary meristem and on increased elongation of the newly formed cells (2, 22) . 3Abbreviations: Ee,, Ep,, E,0,, elastic, plastic, and total in vivo extensibility; GA, gibberellin; TCY, tetcyclacis.
taneous, interdependent physical processes: uptake of water, which increases the cell volume, and yielding of the cell wall to accommodate the water influx into the expanding cell (6, 7, 17, 25) . The expansion of a single cell can, thus, be limited either by water transport (water conductance) or cell wall yielding (the ability of the wall to become irreversibly extended under stress, i.e. plastic extensibility) (4, 6, 7, 16, 17) . In growing multicellular organs, an additional mechanical property must be taken into account which has been described by Sachs (23) as tissue tension: the thick outer epidermal wall maintains the thin inner walls in a state of compression and is the expansion-limiting structure of the whole organ (13, 15) . The objective of the present investigation was, first, to determine whether cell wall yielding (measured as in vivo extensibility of the tissue) (4, 12, 14, 17) or water transport is the limiting factor in the rapid internodal growth of deepwater rice. We have, furthermore, investigated whether tissue tension is established in the growing organ and the extent to which osmoregulation (maintenance of the osmotic potential of cells) can keep pace with the water uptake of the expanding tissue.
MATERIALS AND METHODS Chemicals. Gibberellic acid (GA3) was purchased from Calbiochem (La Jolla, CA); TCY [5-(4- (20) . The positions of the nodes in the sections were marked with ink on the surrounding leaf sheath at the start of the experiment. For treatments in air, 10 to 15 sections were placed upright into 100-mL beakers containing 40 mL of distilled water or GA3 (1 ,AM).
The beakers were enclosed in 2.5-L, 60-cm-deep plexiglass cylinders through which moistened air was passed at a flow rate of 60 mL min-'. Ethylene (1 ,uL L-') was applied as described (20) . For submergence tests, 10 sections were fixed with rubber bands to weight-loaded beakers and lowered to the bottom of 4.5-L cylinders filled with distilled water, TCY (1 Mm) or TCY (1 MM) + GA3 (1 Mm). TCY-treated sections were isolated from plants that had been watered with a 1 ,uM TCY-solution for 7 d. The sections were incubated in continuous light (cool-white fluorescent tubes; General Electric, Cleveland, OH; 53 ,mol s-' m-2) for2dat27±0.5°C.
Extensibility Measurements. Segments, 18 mm in length, were excised from the uppermost internodes and cut longitudinally into four equal parts (Fig. la-c) . One of these 2-to 2.5-mm wide segments was fixed between clamps of a custom-made constant-stress extensiometer as described by Kutschera and Briggs (see Fig. 1 c in Ref. 14) . The distance between the clamps was 8 mm (Fig. ld) . The tissue was submerged in distilled water and subjected to a constant force of 0.098 Newton (N), corresponding to a weight of 10 g, for 6 min. Total (Etot), elastic (Eel) and plastic extensibility (Ep,) were determined graphically (E0to = Eel + Ep,). The stretching experiments were performed at 27 ± 0.5°C in continuous white light as described above.
Since an extensiometer measures the effect of a one-dimensional force rather than the effect of the three-dimensional force to which a growing cell is exposed when water is taken up, the results of stretching experiments do not permit a direct determination of the yielding coefficient of the cell wall. However, the results provide, in relative units, a measure of cell wall extensibility which controls growth ( 12) .
Determination of the Osmotic Potential. The osmotic potential of the tissue was determined with a Dew Point Microvoltmeter (model U-33T) equipped with a C-51 sample chamber (Wescor Inc., Logan, UT). The dew point hygrometer was calibrated with NaCl solutions of known osmotic potential. The samples consisted of single 18-mm segments excised from the growing region of the uppermost internode (Fig. lb) . The segments were frozen in liquid nitrogen directly upon excision and thawed. The frozen-thawed segments were cut longitudinally into two equal halves and placed in the sample chamber. The osmotic potential of the frozen-thawed tissue was measured at a temperature of 25 ± 0.5°C. Scheme illustrating the procedure to obtain internode segments and to measure their in vivo extensibility. Segments, 18 mm in length, were cut at the nodal septum of the basal region of the uppermost internode after the leaf sheath had been removed (a). The segments (b) were cut longitudinally into four equal, 2 to 2.5 mm wide quarters (c).
One internode segment was fixed between the clamps (distance 8 Estimation of the Hydraulic Conductance. The water conductance of the tissue was estimated by measuring the shrinkage (water efflux) and expansion (water influx) of an excised segment ( Fig. 1 c) . In order to increase the water permeability of the waxy cuticle covering the epidermis, the surface of the tissue was abraded with emery cloth (1 80J; Sancap Abrasives Inc., Alliance, OH). The tissue was fixed between the clamps of the extensiometer as shown in Figure 1d , and the change in length in distilled water (without application of a weight) was recorded. After 1 min, the water was replaced by mannitol (0.5 M) and, after 5 min, the osmoticum was replaced by water. The rate of length change was calculated.
RESULTS

Effect of Submergence on Growth of Uppermost and Second
Internode. The growth response upon submergence of the plant takes place in the uppermost and the second internode below it (Fig. 2) . After 3 d of submergence, the second internode ceased to grow, while the uppermost internode continued to elongate. Growth of the uppermost internode stopped 4 to 5 d after start of submergence of the plants. At this time, a new internode started to elongate. Hence, submergence leads to the induction of growth of the two upper internodes of the culm, whereby the uppermost one shows the stronger and longer lasting response. In the present investigation, we only analyzed the growth response of the uppermost internode.
Effect of Submergence on Extensibility and Tissue Tension. Based on cell-size analysis, Bleecker et al. (2) have described three zones of internodal development: a zone of cell division and elongation at the base of the internode (intercalary meristem); a zone of cell elongation without concomitant cell division and a zone of differentiation where neither cell division nor cell elongation occurs. In the present investigation, we have only analyzed the mechanical properties of the tissue in the zone of cell elongation (Fig. 1 d) . Submergence of the plants led to an increase in both the Eel and Ep, in vivo extensibility ofthe growing region (Fig. 3) . The time course of elongation growth of the uppermost internode and in vivo extensibility of the tissue, measured in the same sections, is shown in Figure 4 . Submergence led to a rapid induction of elongation growth; 3 d after completely keep pace with the water uptake ofthe growing organ. Nevertheless, the relatively small difference in the osmotic potentials indicates that osmoregulation takes place in the rapidly expanding internodes (7). The osmotic potentials obtained with the hygrometer are, presumably, an overestimation of the osmotic pressure of the cells. Cosgrove and Cleland (5) have shown that considerable amounts of osmotically active solutes can be present in the free space of the cell wall of growing tissues. We have measured the osmotic potential of the whole organ which may include osmotica within the cell walls.
Effect of Submergence on the Hydraulic Conductance. The hydraulic conductance is a complex transport coefficient that includes the specific membrane hydraulic conductivity and the volume and area geometries of the tissue (6) . The kinetics of tissue shrinkage (water efflux) and swelling (water influx) were used to evaluate a possible change in this parameter resulting from submergence of the plants. To overcome the low water conductivity of the cuticle, the surface of the segment was abraded before start of the experiment. As shown in Figure 6 , no significant difference in the kinetics of tissue shrinkage after addition of mannitol was detectable between air-grown and submerged plants. Likewise, the rapid swelling of the tissue after the osmoticum had been replaced by water was not affected by submergence. In order to quantitate these kinetics, the rates of Figure 6 . The results show that submergence does not affect the hydraulic conductance of the tissue. Effect of Ethylene and GA on Extensibility. Excised stem sections respond to submergence with a rapid increase in growth (20) . As shown in Figure 7d , internodes of submerged sections grew by 4.2 cm during 2 d. In intact plants, 2 d of partial submergence led to a length increase of 5.2 cm in the uppermost internode (Fig. 2) . Thus, ca. 80% of the in situ response of the uppermost internode can be observed in excised stem sections submerged for 2 d. The growth response of the sections was accompanied by about a 100% increase in Eel and Ep in the growing region of the internode (Fig. 7, a and d) . The effect of submergence on growth and increase in extensibility could be simulated by treating nonsubmerged sections with ethylene (1 ,uL L-') or GA3 (1 uM) (Fig. 7, b and c) . This result shows that both ethylene and GA affect the mechanical properties of the cell walls. To elucidate the role of GA in the submergence response, TCY, an inhibitor of GA biosynthesis (19) , was used. The effect of submergence on growth and increase in extensibility was completely abolished when TCY (1 gM) was included in the medium (Fig. 7e) . The submergence response could be com- (Fig. ld) and the shrinkage after addition of mannitol (0.5 mol L', + man) was recorded. After 5 min, the mannitol was replaced by distilled water (-man), and the expansion was measured over the next 5 min. The rates of length change (V) in the approximately linear range of the curves were calculated graphically and given as mean (±SE) of nine measurements each.
pletely restored when GA3 (1 uM) was added to the TCY (1 ,M) solution (Fig. 7f) . DISCUSSION The results presented here demonstrate that the rapid elongation of the newly formed cells of submerged deepwater rice is correlated with an increase in the in vivo extensibility of the tissue (Fig. 4) . During the first day of submergence, the increase in extensibility was greater than the increase in internodal growth. This may have been due to dilution of cellular solutes during the early response to submergence. Subsequently, this dilution appears to have been compensated by mobilization of osmotica (Table I) (21) . Since the water conductance of the tissue is not changed as a result of submergence (Fig. 6 ) and the osmotic potential of the expanding cells is less negative (Table I) , we conclude that growth is limited by the yielding of the cell walls.
The measured increase in Eel is probably caused, in part, by the tissue tension of the newly formed internode (Fig. 5) . Tissue tension has recently been defined as the difference in the longitudinal wall stress between the outer epidermal wall and the inner cell walls (13, 15) . Thus, the elongation response can be accounted for by an increase in the Ep, of the growing region. The wall loosening process is presumably localized in the peripheral cell layers of the organ ( 13, 15) .
Using the GA-biosynthesis inhibitor TCY (19) , Raskin and Kende (22) provided evidence that GA is causally involved in the stimulation of cell division and cell elongation in submerged deepwater rice internodes. The data reported in Figure 7 confirm and extend this conclusion. The effect of submergence on increase in growth and in vivo extensibility of excised stem sections (Fig. 7, a and d) is completely abolished when TCY is included in the medium (Fig. 7e) . This inhibition of growth and wall loosening can be restored by adding GA3 to the solution in which the sections are submerged (Fig. 7f) . This Lockhart ( 16) was the first to postulate that the mechanism of action of GA is "through an effect on cell wall plasticity." Subsequent extensibility measurements on Avena stem sections have shown that GA acts by increasing the yielding properties of the cell walls (1, 9) . However, in cucumber hypocotyls Cleland et al. (3) were unable to detect a significant effect of GA on cell wall extensibility under conditions where growth was greatly stimulated. They suggested that GA might promote growth in this organ by a decrease in the osmotic potential of the cells. This hypothesis was supported by experimental evidence of Katsumi et al. (10) . Our results are in agreement with the investigations on Avena stem sections, in which a large effect of GA on the plastic extensibility has been reported (1, 9) . Thus, GA may stimulate cell elongation in stem sections of monocotyledonous plants such as rice or oat by an increase in wall plasticity.
For continuous organ expansion, the growing cells must maintain a sufficiently high concentration of osmotically active solutes (negative osmotic potential), i.e. osmoregulation must take place (7) . As pointed out by Cosgrove (7), little is known about the mechanisms controlling cell osmotic potential. Our results (Table  I) show that on d 3 the osmotic potential ofthe rapidly expanding organ is only 18% less negative than that of the slowly growing control. This indicates that osmoregulation takes place in the submerged plant. Raskin and Kende (21) have shown that 3 d of submergence led to the mobilization of 65% of the starch from those regions of the internode which had been formed prior to submergence. The disappearance of starch was accompanied by a 70-fold enhancement of amylolytic activity in the growing internode (21, 24) . In addition, submergence caused a 26-fold increase in the translocation of newly synthesized photosynthetic assimilates from the leaves to the growing internode (21) . These biochemical and physiological processes may, in part, be responsible for the relatively small rise in the osmotic potential of the rapidly growing cells and are, therefore, important for continued internodal growth.
